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ABSTRACT 

This report discusses in detail the findings of en in- 

vestigation fooueed on the development of bolometers designed to 

function as practical detectors for radiation between 200 and 

1000 mioiona in wavelength.    For the purpose of orderly presen- 

tation, the report is divided into several parts as follows. 

I*        Introduction - facts and refleo^ons leading to the course 

of development taken. 

II*      Development of the sensitive element and supporting cub- 

stmtea 

III*    Design of the bolometer housing and mount and the develop- 

ment of suitable means of fabricating and anchoring the 

sensitive element* 

IT*      Testing apparatus and methods including rasuits. 

V*        Conclusion* 

AppSu&x I.     KaUttMiiatioal deduction of the absorption of a 

material of resistance 189 ohms per square. 

Appendix II*    Fundamental bolometer theory: 

O 
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Ic    IHTflODUCTICB 

For the meaaureaent of low intensity Infrared radiation, 

currently a\railablo deteotion devices rely on the thermal heating 

produced by that portion of the inoident radiation absorbed.    There 

existed a ooneentration of effort during the 1940's on the develop- 

ment of these devioes and from the development t'.vsre emerged four 

types of detectors that bsve reached a high state of perfection 

and have the test of reliability in commercial usage.    Theae aret 

1.    High impedance bolometers of wMoh the Bell 

Laboratory thermistor bolometer is a typioal 

representation. 

2*    Past thermocouples such as the Smarts therrao- 

oouple. 

3. The Oolay ceil. 

4. Low impadanoe bolometers such as the Baird 

Associates platinum element bolometer. 

In the ocurse of development of these deteotors an adequate mean* 

of absorbing the inoident radiation was constantly puraued. With 

the exception of the thermistor bolometer* it was necessary to in- 

corporate in the devioes a medium to function as a radiation absorber. 

This procedure imposed an additional problem of elootriaal stability 

* The thermistor bolometers were found to absorb about 5Q£ of the 
inoident radiation without applying an absorbing layer 
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and also added mass to the sensitive elements, thereby causing 

iuort>*se<   time of response* 

The methods used by most experimentalists followed 

directly from the work of Pfund1 who evaporated metal from a 

hot wire plaoad under a Bell jar maintained at reduced atmos- 

pherie pressure*    The "soot" thus formed was allowed to depo.iit 

on a suitably placed eleuent*    In pursuing this technique many 

different metals and parameter variations were tried with each 

laboratory developing its own artful procedure.    However, there 

emerged from the accumulated mase of empirioal information an 

important fact regarding the ohoice of metal.    The high conduc- 

tivity metals produce the better blacks, better in that they 

yield greater absorption per unit mass and greater stability* 

A comprehensive study of gold blacks was made by Harris, et al2 

during T/Moh much of the art of application was removed and the 

character of the deposits studied with the aid of on electron 

ndorosoop*.' and infrared speotromsters.    His most reowi t article 

reports absorption data out to 46frvu   At this long wawlongth 

the value of the absorption is of the order of 60JS, an encouraging 

result*    (This work was unknown to us before the publication 

appeared*) 

1 Pfund, A. H., J. Op. 800. Am., 24, p. 121 (1934) 
2 Harris, S., and Colby, H. T., J. Op. Soc. Am., 24, p. 217 (1954) 

1 1 
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Several years ago Golay desijned his detectors whioh 

used in plaoa of an absorbing layer such as described above, a 

aetallic layer wfioc-e resistanoe was approximately 189 ohms/square. 

For any notal made In suoh a tlxlokness as to meet this resistanoe 

Talus the absorption will bs 50J5, the reflection 25%, and the 

transmission 2BJT9.    This result nay be obtained mathematically 

by solving Maxwell*s equations4 or by the impedance matching oon- 

oepts used in transmission line theory*    (The mathematical treat- 

ment is included in this report under Appendix I.) 

The most important feature of this result is that the 

absorption is independent of wavelength Just as long as the re- 

sistance is independent of the frequency corresponding to that 

wavelength.    For most metals this means that the absorption will 

be uniform and independent of wavelength for those wavelengths 

longer them about 10/i..     To those who have worked with the metal 

blacks the above method of achieving absorption eliminates rauoh 

concern, but to utilise this method extremely thin metal layers 

must be formed*    In our view, this oould best be done by deposition 

of the metal layer in high vacuum. 

We were satisfied in our minds that the sensitivity 

expeeted from bolometers made by using high vacuum techniques would 

not compare too favorably with the Golay oell*    However, the Golay 

oell, on aooount of its many parts, oocupies considerably more 

8 W. Weltersdorff, Z. Physik, 81, p. 250 (1954) 
* Hartley and Dennison, *7. Op. 3oe. Am., 57 (1947) 
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apaoo at a crucial point than does a bolometer.    Thee too, Oolay 

oells are not too satisfactory when subjected to a vibration field 

8ueh as exists in planes or portable equipment.    It might be 

pointed out that bolometers are not iramuaed to raaehaniool vibra- 

tion either, but they oan be made surprisingly rigid. 

Though we were convinced that bolometers ha ring a large 

range of resistanoes and shapes but characterised by the 189 ohm 

per square requirement could be mads by evaporation, we were aware 

of the limitations and teohnioal pitfalls as well as the advantages 

of the method.    It might be instructive to list some of the more 

obvious disadvantages and advantages.    Considering first the dis- 

advantages, we havet 

1.    Thin metal films formed by high vacuum deposition exhibit 

eleotrioel and optical characteristics considerably different from 

those of the bulk metal.    In general, the resistivity is higher and 

the coefficient of thermal resistance lower.    To to epeoifio and 

basing judgement on previous experience, metal films 100 or 200 X 

thick havo resistivities  from S to 10 times higher than bulk values. 

The difference depends on the metal under investigation and also on 

the spud vdth whioh the metal is deposited.    Those metals classed 

as poor conductors exhibit the greatest departure fror. bulk metal 

constants and have negative thermal resistance coefficients.    The 

absolute value of these negative coefficients increases with 

decreasing thicknesses.    This peculiarity oan be used to advantage. 

Greater departure is also observed for metal filrs deposited slowly 
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• than for those deposited rapidly*    Hass0 reported that he had 

succeeds i in depositing 200 A thick nickel that had bulk metal 

characteristics by affeoting the deposition very rapidly. 

2*    The choice of metals is necessarily restricted by the 

189 ohm/square requirement to those olaaaed as poor conductors. 

Good oonduetors such as gold or ewen nickel would ha-ve to be 

made as thin as a few angstroms to meet this requirement.    Metal 

films of this tMokneas are not stabls eurrent oonduetors and 

sleotrioal noise mould' be oroessiTO.    Thus, gold and nickel, 

both metals used with euouesa during the mar, must b» eliminated. 

5.    A minor disadvantage but one perhaps worthy of mention concerns 

tft boloastur specification.    Since the sensitive element thickness is 

fixed by the 189 ohn/square requirement, it is possible to specify 

either bclomster resistance or the length to width ratio but not 

both arbitrarily.    The Interdependence of the resistance and 

length to width ratio is 

L/fo » HA89 

where S is the resistance in ohms and L and W are the bolometer 

length and width in the same units. 

6 
Verbal Coaounication from Dr. George Bass of the Army Engineering 
Laboratory at Fort Belwoir. 
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Heart lot us consider the advantages. 

1. From -Jtm above equation we see that for bolometere of prac- 

tical aim the resistances will be of the order of 200 to 1000 

ohoo.    Thie range of resistance offers advantages over both the 

low resistance natal and high resistance thermistor bolometers. 

Like the low resistance bolometer, electrostatio piokup from 

these 189 ohm/square boloneters should not be troublesome as ie 

apt to be the case for thermistor bolometers which must use high 

voltage to posh the current through the sensitive element.    While 

the low impedance bolometers demand extreme oare in electronic 

oirouitry because of the necessity of maintaining very low noise 

levels corresponding to the thermal noise level of the bolometer, 

the requirement here will be lees stringent.   Boise levels of 

the order of 10"8 volts for a two cycle bandwidth will ba tolerable 

for bolor store of the order of 1000 ohms resistance.    Then too, 

the transformers necessary to introduce the signal into the first 

stage of the amplifier need not be so massive beoau.no the required 

turns ratio to raise the impedance of the bolometer to that of the 

first tube is inversely proportional to the bolometer resistance. 

It would appear that from these observations that the 139 ohm/square 

bolometers might be used with commercially available amplification 

equipment. 

2. The possibility of making unsupported sensitive elements from 

germanium or tellurium is worthy of exploration.    The evaporation 
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process is ideal Stir this purpose and perhaps •leoents made from 

one of these materials will be thick enough to exhibit bulk metal 

characteristics.    In passing it night be nail to point out that 

all praotioal shapes and sisee can be achieved by affecting the 

deposition through appropriate masks. 

8*    These bolometers, once produced, could be installed in portable 

equipment and subjected to rather severe vibration without suffering 

physioal damage*    It is believed that these units could be made as 

free of vibration difficulties and the conventional low impedance 

metal unite with the advantage of being useful for any wavelength 

above 10ix. 

The next section disoueses the development of the sensi- 

tive element starting with the experimental attempts to produce 

unbooked elements of gemanius and tellurium and ending with the 

development of a suitable substrate for bismuth elements. 

€ 
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II. DEVELOPMENT 

THE SENSITIVE ELEMENT AND THE SUPPORTING SUBSTRATE. 

In manufacturing bolometers with particular impedance 

characteristics, a ohoioe of resistance material hftd to be made • 

that would satisfy certain stability requirements without sacri- 

ficing performance. The impedance desired hero, 189 ohms/square, 

suggested two approaches in element manufacture. One approach 

was that of salf supporting elements made from one of the metals 

exhibiting high resistivity such as tellurium or germanium; the 

other was that of using a metal of lev resistivity deposited on 

a thin supporting film* The first of these methods was considered 

the more inviting sines it would permit the direct manufacture of 

elements without- pursuing the art of making and contending "vith 

the questionable stability of thin organic supporting films. 

Previous experience in making unsupported metal films 

by vacuum distillation served notice that any film thus formed 

and having tolerable mechanise! stability «ould have to be at 

least 1000 £ thick. Two conditions were thus imposed; ono, that 

the impedance of the element- be 189 ohms/square and the other 

that the element thiokness be 1000 5L These conditions limited 

the ohoioe of metals to twos germanium and tellurium. Relatively 

thin layers of tellurium proved chemically unstable after removal 

from the vacuum shaaber in wnioh they were made. Most probably 
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oxidation caused the resistance rise that continued for raverai 

days.    Ucually after cne day the resistance -values were so large 

that it could not be evaluated by using conventional laboratory 

obmmeterc.    Tb£ suggestion •was made that a film of To of proper 

thickrjssE could be deposited and subsequent protective oxide 

allowed to form so that the final resistance would be approxi- 

mately IB 9 ohms/square•    The suggestion was never carried out 

fearing -.ii&t inability to reproduce results would blint the at" 

tempt.   Instead, considerable effort was placed on the deposition 

of germanium., and here the problem was net one of oheznieal stability 

but rather one involving a satisfactory means of evaporation* 

Tungsten helices made from G»040w diameter wire were first used 

as evaporation sources*    Small chunks of Ge were placod inside of 

the hells.    The Ge could be melted without difficulty but the 

apparent high conductivity of molten Ge shorted the helix so that 

oaXy very thin layers could be deposited without burning out the 

filament.    Tantalum and molybdenum boats were tried and proved 

fhat more successful.    Howevert the Ge attacked these materials svMuam 

and thus caused filament failure as before, Bext, two 0.060" 

diameter tungsten wires 4W in length were attached to rigid fila- 

ment supports with a spaoing between the wires of approximately 

l/l6 nea? the center and increasing to 1/s" at the support posts. 

Small chunks of Gs were placed in the channel formed by the wires. 

By applying sufficient power to this parallel wire filament the 

Ge was malted and. flowed along the channel toward the cooler ends 

-v 

i! 



J-  
I   . 1 
~ i 

Cl 

w 

Baird Associates, Inc. 

- 18 - 

of the filament* The flew ceased at a point where the surface 

tensional forces could no  longer sustain the weight of the metal* 

The length of filament covered by the molten metal was about ln* 

Using this type of .filament with rigid supports caused the fila- 

ment to bend out of shape and repeated use of the same filament 

was not possible without reshaping the wires* A more reliable 

source was then made using thick Ta from which boats were fashioned- 

This Ta stork was 0.015". Boats made from this stork we.re used for 

as many as ten separate evaporations before they were burned out* 

In the course of de-veloping improved means of evaporating 

Ge, films of the latter were deposited on suitable surfaces* For 
• 

the most pert sodium fluoride was first deposited by evaporation 

onto a clean glass blank* The optical thickness of this layer was 

approximately 1/2 wave for the middle of the -visible spectrum. 

Following the 3e deposition the blank was slowly lowered into 

water with the Ge side up* Care was taken to lower the blank 

until the surface was slightly below the water level. Surface. 

tension prevented the water from ruacing over the metal* Then* 

a small amount of the Ge film was scratched away with forceps to 

permit the water to touch the fluoride* upon dissolving, the 

fluoride lowered the surface tension of the water, thus inviting 

the latter to creep under and lift the Ge film. In spite of these 

relatively weak forces the Ge films invariable split apart so that 

no predetermined sise could be obtained even on the surface of the 

water* For films much thicker than those having resistances of ; 
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189 ohms per square the splitting action still persisted* Con- 

sequently, further extension of this work did not appear wise* 

Instead, attention was given to the fabrication of supported 

bolometer elements. 

In any development involving thin supports for bolo- 

meter elements, prime consideration must be gi-oen to the heat 

oapacity of the supports This involves techniques to enable 

one to males very thin and also very tough films* Organic films 

are currently used in most laboratories as delicate supports; of 

the various organio materials possible nitrocellulose is one of 

the best as to toughness, stability and reproduoibility* Nitro- 

cellulose was used throughout our work* It must be stated in. 

advance of description that organic film making is still an art 

and fool proof procedures cannot as yet be stated* The method 

used in this laboratory is discussed immediately below* 

The nitrocellulose solution found most satisfactory 

was made using 

20 hr. Wet, 500 see. Nitrocellulose 

500 co* Ethyl Acetate 

75 co. Amyl Acetate 

75 co* Acetone 

This solution was mixod well and filtered through glass wool and 

then allowed to age for several days before using* Films made 

© : : 



Baird Associates, inc. 

- 15 - 

with aged solution are tougher than those made using fresh solution* 

Is using the THgetn 600 sec* nitrocellulose the variable "wetn is 

apparently indeterminate.    Vie first used solution made from this 

formula but which we had on hand from previous work*    Later attempts 

to reproduce this solution met t&th varying degrees of success and 

a plausible explanation is that the wetness of the various samples 

cf nitrocellulose was not the atxae 'in the several cases.    V/e did 

not pursua the problem but worked with the best -m could produce. 

In preparing to make films a largo basis aas filled with 

tap water that had been running for sometime, thus cleaning the 

pipe of Rome foreign material and getting water at its lowest tem- 

perature without the addition of a means of coolings    A small amount 

of solution was then drawn into a medicine dropper and just prior to 

dropping the solution on the water the surface of the latter was 

cleaned by gently dragging a paper towel over the surface.    The 

solution was then dropped and allowed to spread.    The basin was 

large enough to permit the solution to spread out without obstruc- 

tion*    The film thus formed vaa picked up by inserting a 4" square 

metal frnme under the water and raising the plane of this frame 

vertically.    The raised film thus covered each side of the frame 

forming a double film.    The color by reflected light of these 

double films was usually pale yellow indicating a quarter wave 

optical thiokness.    Assuming that the wavelength of this oolor 

to be, in round figures, 6000 % and the -index of reflection to 

be 1.5, the actual thickness of these films were 1000 5t.    The 
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-variation in ooior across the 4n frame indioated only a few hundred, 

angstroms variation in thickness* Usually a section an inch or so 

in diameter could be found exhibiting the proper color and unifor- 

mity for mounting purposes- The day to day difficulty in making 

these films was sot so much a matter of achieving a given thick- 

ness but rather one of getting films with the same degree of 

toughnees and with no pinholes. Undoubtedly the control of humidity, 

P.H« and temperature of the water would make the process more 

scientific. These controls were not initiated for lack of time* 

The next section discusses the dealgn of the bolometer 

mount and the fabrication of the sensitive element* 

* 
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III.    DBSICa OF THE BOLOMETER HOUSIHQ 

AHP 

THB EBV5LOB1BHT OF SUITABLE VEASS OF 

FABKCAIINQ AMD ABCHOBISQ THE SENSITIVE ELE1ENT 

In the development of any bolometer a great deal of 

tins it taken up in devising an appropriate bolometer houaing. 

He deoid-jd, therefore, to adopt the Bell Laboratory Thendetor 

housing ourrently manufactured here at the Baird laboratory. 

The base part of thie mount made of 0*010" thiok kovar formed 

In an appropriate preae to the shape of an inverted pie tin. 

Fife holes are punohed in the dieo to introduce four eleetrioal 

leads and an evaouation tube*    The four lead holes form the 

eornere of a square, and the hole for the pumping tube ie located 

at the geometrical ©enter of the square*    The leads are made from 

0.040" diameter Kovar wire.    These leads are anohored and insulated 

from the base by dropping a small glass bead owr the wire and 

fusing the glass to >x>th the lead and base*    The seals are also 

•vacuum tight*    The oap for these bases is made of silver formed 

into the shape of a cup.    The open enJ of the cup fits onto the 

base and may be soldered in place.    A hole of auah site as to 

allow a small shoulder for the window is punohed in the other end* 

Ordinarily silver ohloriie in used for the window material*    This 

window is sealed in place by laying the silver chloride on the 

I  r 

i 
i.   i 
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shoulder and fusing the portion of the chloride to the edlvor 

by inserting the sleeps into the ©oil of an induction heater* 

For long wave work crystalline quarts was used in place of the 

silver ohloride*   In this case the seal was made with apiesone 

•W» vex. 

The problem of mounting the substrate and sensitive 

element 'vas solved in several ways.    These arc disoussed in the 

order of their trial. 

The first method involved the use of a glass diso 3/8 

of an inch in diameter and 1/16* thiok.    This site diso fitted 

snugly on the inside of the base pins*    A slot was out in the 

diso by sandblasting through a rubber mask*    To af fleet the sand- 

blasting a homemade nossle mas fashioned by building a simple 

aspirator into the available air line*    A metal tip wss placed 

at the end of the air line with a free opening of 1/3".    A small 

metal tube wan fitted through a hole iu the side of this tip an." 

soldered in plaoe-    This tube 7*8 tilted slightly in the direc- 

tion of the escaping air stream*    ny applying air pressure, 

carborundum was sucked into the tip and projected against the 

glass*    Two hundred mesh carborundum was found sufficiently fine 

in grain else to render the edges defined by the rubber mask free 

of ohips.    The slot through the 1/16" thick glass could be made 

in abrut five minutes.    These slots were mad* about p.6 ran in 

length by about 1*6 mm in width* 
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Following the sandblasting, Hanovia silver paste was 

painted onto the diso riiu in segments separated by a clear space. 

Small si Iyer wires 0*010" in diameter were embedded in the ;paste 

and the ohole thing baked at about 400° C.    The btvking was oon- 

tinned until the glass under the paste turned slightly yelloe. 

These wires ware thus firmly attaohed to the glass and subse- 

quently served to attach the diso to the lead wires in the 

housing base and also to make contact with sensitive element. 

Before attaching the diso to the base the nitrocellulose 

substrate, diseased in Section II, was taken out of the water 

from which it was formed and placed on tits diso.    The frame used 

to remove the nitrocellulose from the water was held free of 

motion until after the portion in contact with the glass was 

completely dry.    The exoess film was then removed width twaesers. 

Upon drying the film drew taut over the slot and adhered tightly 

to the surrounding glass. 

The next operation involved the deposition of the sen- 

sitive element.    This was done by high vacuum evaporation.    We 

chose bismuth metal.    This ohoioe -aas based on previous experience6 

7 
on the recent work of Cterny, et al    and on the fact that the 

resistivity of bismuth is such that the necessary thickness to 

meet the 189 ohm/square requirement is great enough to ensure 

electrical stability but not so thick as to add greatly to the 

6 Government Contract OSW) RO. 6SS7, (1948) 
7 Cterny, H, Kofink, W., and Lippert, W., Ann. der Physik, 6, 

p.  85 (I960) 
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•pacific haut inherent in the nitrocellulose substrate. 

The filament from which the evaporation was affected 

wu made of tantalua strip etook.    A strip &" vide and 3" long 

wa dented in the oenter by pressing a ball bearing against the 

tantalum backed with a soft wood blook.    The dant thus rormad 

served to prevent the bismuth, upon melting, from rolling off 

the tantalua.    The ends of thiJ strip were then anohored to 

terminal posts projecting above the base of the vaouua chamber. 

Immediately above the filament a horizontal baffle plate ess 

attached to a vsrtioal rod passing through the base plate.    In 

practice ths baffle was placed over the filament prior to deposi- 

tion*   Then the gas pressure in the chamber ess of the order of 

10"* mm of Hg or better the temperature of ths filament was 

raised until the bismuth melted and began evaporating.    It was 

believed that in this operation much existing foreign matter in 

or on the eurfaos of the bismuth was driven off but prevented 

from reaching the target mounted vertically above.    Following 

thie precaution the baffle was moved to one side of the fila- 

ment and the bismuth allowed to condense en the target and a 

resistance measuring isrise.-    At the moment the resistance 

reached a value corresponding to 189 ohms/square the baffle was 

movoJ hack over ths filament thus terminating the deposition. 

The target, in this oaae the bolometer nount vrith its 

accompanying substrate, was placed vertically above and at a 
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distance of one foot from the filament.    At this distance, thick- 

ness uniformity could be expeotod over the small areas in question* 

The mount was laid on a piece of thin brass strap vteoh had pre* 

viously been maohine slotted*    The long direction of the rectangular 

hole in the mount was made parallel to the slot and properly centered 

with reepeot to the line parallel to and passing through the center 

of the slot*    The slotted mask served only to define the width of 

the sensitive element*    The resistance measuring device was mounted 

adjacent to the bolometer and in the same horisontal plane*    This 

devioe consisted of a 1" square piece of glass with silver contacts 

on two opposite edges*    The silver was deposited by evaporation and 

by using a mask the contacts were separated by £"•    This glass was 

then slipped into a small fixture fitted with spring slips to held 

the glass and the eleetrioal leads attached to insulated terminals 

in the baseplate of the evaporator*    A Simpson sister was used to 

follow the resistance during the course of the deposition.    Prom 

the geometry of the space between the contacts the desired resistance 

was 189/4 or about 47 ohms*    Once the deposition was terminated by 

swinging the baffle over the filament, no further change in resis- 

tance was detected.    Upon emitting air to the chamber a small 

increase in resistance was noted corresponding to only a few ohms 

per square* 

Bow the slot in the mask used to limit the width of the 

sensitive element* was an inch or so in length*    Upon removing the 
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glass mount from the vacuum chamber th3 bismuth ribbon extended 

over the whole mo At.    To make the bolometer length of the sen- 

sitive element definite and uniform across the width of the 

element it was neoessary to deposit oontaots at the ends.    This 

was accomplished by laying a strip across the bolometer equal 

in T.ldth to the desired element length and evaporating silver 

on the rjraainder of the mount.    This silver further served as 

a mb&nc   >f attaching the leads from the housing base to the sen- 

sitive element.    Care was taben in the deposition of the silver 

to make  it thick enough to ensure against resistive heating when 

subject*i to the. bolometer voltage.    Yihen the contacts are made 

insufficiently thick excessive electrical noise is ensured* 

Following the deposition of the oontaots the mount was 

positioned between the electrical lead pins of the housing bass 

and anchored by moons of the small silvor wires previously attached 

to the rim of the glass disc with Iianovia silver paste.    In making 

the solder joints a small amount of solder was flowed onto a part 

of eaoh    ilver bolometer contact.    In this way good electrical 

contact 'TIS made between the housing pins and the sensitive ele- 

ment.    The next step was that of testing the bolometer charac- 

teristics.    These tests are discussed in the following section (IV). 

Before prooeoding to this section, however, it might be well to 

disouss several modifications in element mount design. 

G 
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Essentially these modifications invol-rori Beans of 

eliminating the ne-3d for the sandblasted slot in the mount disc* 

In the first of these modifications 0.&1C" d.ameter silver wires 

wore placed on a solid glass disc and separated by a distance 

equal to the desired element length.    These wires rrers anchored 

to glass silver paste.    Tiie nitrocellulose substrate was laid 

dorm as before aid upon drying drew taut over the wires leaving 

a 0,010" space bet-wen the glass and spacing.    Although this 

modification eliminated the need for sandblasting a slot in the 

glass, tie small silver wires presented a dangerously small 

area for the subsequent evaporated contacts*    A further modifi- 

cation was made by eliminating the glass altogether.    Instead, 

two 0*040* disaster wives were fashioned in the form of an arch 

with a flat top.    The four ends were then soldered to the housing 

pins, on.3 to each pin so that the two arches were parallel and 

separated byT a spacing equal to the desired element length.    The 

top of these wires were then filed down until the width of the 

flattens a wires was equal to the diameter of the original wire. 

Thus, a contact width of 0.040" was realized.    Although these 

modifications ware used, sufficient tests were not made to afford 

adequate appraisal.    The latter modification was, however? con- 

sidered promising in regard to simplicity* 
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FIG.   1 

a,   b   base and cap* 
c,   d,  o       glass d'sc,  element ovar sandblasted  slot, 

completed  bo lo ire tor 
f,  g    flattened wire mount, alameut over flattened wire; 
h element mounted over round wires  in contact 

wit})   the   ,;Iass. 
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IV.     TjSSTISQ APPARATUS txW) iBTEODS IMCLJ)I?;3 ISgQLTS 

The first moasureasut mad* following the manufacture 

of a bolometer was that oomiaonly known as a ooid rosistance of 

tho bolometer. This is the resiatanoe of the .bolometer at am- 

bient temperature*    A 7*heatetone  erld -e and galvanometer setup 

IM used for this determination*    A high resistance was plaoed 
i 

in series with the battery so that a small current of a milii- 

ampere passed through the bolometer. The resistive heating of 

the sensitive -lenent caused by this small current was negli- 

gible. 

£) This same apparatus was used in determining the re- 

sietanoe as a function of the temperature of the -ler-nt* Frcs 

these data the ooeffioient of thermal resistanoe of the element 

was determined* The aotuai bolometer was employed for this pur- 

pose as opposed to the indireot method of depositing a similar 

layer of bismuth on a solid basking ouoh as glass. The bolometer 

wae inserted in a test tube closed with a rubber stopper. Copper 

leads from the bolometer were brought out along the test tube and 

held in place by the stopper* Then the whole test tube was plaoed 

in an oil bath and the oil heated very slowly with s bunsen flame* 

The oil was constantly stirred during the heating and a thermometer 

plaoed adjacent to the tost tube* The time required to raise the 

temperature of the oil from that of the room to 1X0° C* was about 

I ! 
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throe  quarter* of an hour*    Resistance readings were made at tan 

degree internals for 80° and 100° c.    A typioal curve as a resis- 

tanoe of function of temperature is shoro in Fig* 2*    We know, 

first of all, that this curve is not a straight line, showing, of 

course, ttiat the ooeffieient cf thsrsal resistance itself is a 

function of the temperature*    Secondly, the resistance is a de- 

creasing function of the temperature.    In lieu of previous work 

done in making bolometers by evaporation, this negative value 

for the thermal coefficient ie not surprising*    Although the ooef- 

fieient for bulk bismuth is positive in thin layers made by vaoutn 

deposition, an increase in temperature apparently has the effeot 

of crowding the pseudo crystals closer together - thua giving an 

effective loner resistance*    It is believed that if it were pos- 

sible to measure resistance aa a function of temperature for any 

one of these small crystalline glomerates it would be found to 

bs an increasing fraction.-    The value of the coefficient of bis- 

svuth for various temperatures is also shown in Fig* 2* 

As stated in a previous section of the text it seemed 

probable that the numerical value of this ooeffieient could be 

altered depending upon the method of deposition*    By affecting 

the deposition very rapidly, loss tsndenoy to crystallite would 

seen probable*   An attempt was made to alter the ooeffieient by 

varying the rate of deposition fur different bolometers.   ff» 

were not successful in changing the ooeffieient by any significant 

O 
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amount.    The small changes noted were such that those bolometers 

made by evaporating the metal vary rapidly exhibited a coefficient 

less negative than those made by fast evaporation, but this nega- 

tive character! p---- c •J,T&-U served  bo gi-pe a smaller numerical coef- 

ficient  staking the response of the bolometer smaller.    The next 

measur —-at made on the bolometer was that of the response:    Here 

the response is defined as the RMS voltage output per peak to peak 

watt inj at.    The noise of the bolometer does not enter into this 

measurement unless it is excessively largs, approaching in magni- 

tude that of the bolometer output itself. 

A black body radiation source was constructed as follows. 

A brass tube 10" long and 2" in diameter was fitted with end plates. 

Through the center of one of these end plates a jgn diameter hole 

was drilled through which the radiation was emitted.    Into the wall 

of the tube a small hole was drilled and a metal tube soldered into 

this hole to accommodate a thermometer.    Thin asbestos tape was then 

wound around the large tube and wetted to make it et:ck firmly. 

Hiohrome ribbon was it turn wound around the asbestos covered tube 

with a wire to wire spacing of about i~n.    Another application of 

asbestos was then made and wetted as before.    The whole tubs was 

bhsr, \at-9rted in an oven and dri«u wul»    This tube was then mounted 

on a woiai  base plate  iirectly behind a y* diameter iris.    The 

distance between the iriB and the hole Jn the cylinder '.VKS made 

about  3/4".     A square wave chopper and zaotor combination was 
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amount.    The small changes noted were such that those bolometers 

macife by evaporating the metal very rapidly exhibited a coefficient 

less negative than those made by fast evaporation, but -shis nega- 

tive characteristic only served tc givo a smaller numerical coef- 

ficient making the response of the bolometer smaller.    The next 

measure;*»at made on the bolucwter was that of the response*    Here 

the response is defined as the RMS voltage output per peak'to peak 

watt input.    The noise of the bolometer does not enter into this 

measurement unless it is excessively large, approaching in magni- 

tude that of the bolometer output itself. 

A black body radiation source was constructed as follows. 

V/ A lu-tuis tube 10" long and 2" in diameter was fitted with end plates* 

Through the center of ens of these end plates a §•" diameter hole 

was drilled through which the radiation was emitted*    Into the wall 

of the tube a small hole was drilled and a metal tube soldered into 

thie hole to accommodate a thermometer.    Thin asbestos tape was then 

wound around the large tube and wetted to make it stick firmly* 

Hiohrorao ribbon was it turn wound around the asbestos covered tube 

with a wire to wire spacing of about i".    Another application of 

asbestos was then made and wetted as before*    The whole tube was 

then inserted in &D oveii and dried out*    This tube was then mounted 

on a metal  base plate directly behind a ^u diameter iris.    The 

distance between the iris and the hole in the cylinder was made 

about 3/4M.     A square wave chopper and motor combination was 

O 
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souated on this sars baaa plabe so as to olup the radiation batman 

tba iria plate and tha emitting hola or ti* source*    Tha radiation 

from the aourea was chopped at 10 cycles par seocnd. 

Tha bolometer in turn was placed directly in frost of and 

at a distance 0 from tha iris.    The Talus of C oould be ohoaen at 

will to long as the wolumster Glenertt iteelf aaw only the radiation 

streaming from the \m hola in tha aouroe.    A simple calculation 

shoved that any value of D greater than 2*2 oentimoterG oould ba 

allowed.    The equation* employed to ealoulats the energy inoidsnt 

on the bolometer mas 

Vn~-  

Where p is the blank body radiation constant times the difference 

in tha fourth power of temperature of tha Inside of the source and 

room temperature*   A is the area of the bolometer in square centi- 

meters, R is the radius of the iris in oentimetsrs, and I) is the 

distance between the iris and sensitive element* 

The bolometer was ooupled to the transformer of the am- 

plifier by use of a square arm bridge*    Since it was a nuisance to 

change the value of the bridge resistances to match values of bolo- 

meter resistances, we chose the shape of the bolometer such that 

their resistances were of the order of GOO ohms, thus enabling us 

U) 

RioLupyer and leanard, "Introduction to Modern Physios*. 
%} MoGree-SLU Book Company (194T) 
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to use a fixsd bridge made using 500 ©ha -sirs wound resistances* 

This bridge assembly was ra&ds as eompeet as convenient and 

placed on the inside of a metal tube to mini-size the possibility 

of piokup*    The bridge current. was supplied from a Rtcrage bat- 

tery in series «ith a variable resistance box*    The current through 

the bolometer was determined by measuring the -voltage across a 

10 ohm tire wound resistor plaeed in series with the bolometer* 

The voltage drop across the bolometer was measured using the same 

meter*    Prom these values of current and -voltage the resistance 

was dotsrained*    The bridge was ooupled to a transformer whose 

primary impe4anee was of the order of 500 ohms*    The output from 

%r the transformer was oonneoted to the grid of the first tube of the 

10 cycle narrow band amplifier*    The peak response of this ampli- 

fier was centered at 10 cycles with a bandwidth of 2 cycles.    The 

adjustable gain con-tool permitted a gain variation between 1 and 

60 times 10s*    The noise of the bolometers was measured for each 

current value with the bolometer capsule covered with a blaok card* 

Two important observations were made*    One, if the ourrent was 

increased, a point was always reached at which further increase 

of ourrent failed to produce an increase in the response.    Thie 

was due to the fact that the numerisal value of the coefficient 

of thermal resistance is smaller for high temperatures*    Secondly, 

the bolometer invariably became noisy at the point of greatest 

response.    The temperature corresponding to the point of maximm 



^ Beird Ae&dcictetf. Ian* 

«•   e-»  <• 

response Ji'i -ior.e MSWWr, appife*a«»h the temperature a4: whioh the 

bolometer bEak-j^ ouiu    In Jifcet the currea* through the bolometer 

could be doubled kdVsesir 4araage«    The beet signal to noise ratio 

•cms obtained by employing currents of the order of S mils through 

these SCO ohm bolometers*    The response and noise measurements 

are given in Table I together with the rough value of the time 

constant. 

The time oonstant was measured by assuming exponential 

response and measuring the shape of the curse.    The bolometer was 

coupled directly to a wide band amplifier and was irradiated by 

pulses of visible light about 33 milliseoonds apart*   V»hen the 

output •ignal was put on the scope with the horizontal adjusted 

to 33 square units between pulses, each ho?isontal square unit 

represents one milliseoond.    The vertical gain was than adjusted 

so that the peaks of the pulses were 27 square units high.    The 

time lag to drop from 27 to 10 units (that is, 1/e) was read 

directly in milliseoonds.    The proper accuracy in this method 

was of the order of ^ millisecond*    The time constants were be- 

tween 3 and 4 milliseoonds with the bolometer element in air and 

about 20 milliseoonds in vacuum. 

i 
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TA3LS I 

RESPONSE .iKD HGISE OF TUBES BISMUTH B0L0M£T3RS 

Bol caster     Operating       Element           'Response Koiee 
No.              Current       Reelstance     Rms Volts Rros 7olts 

(ma)                (ohras)            Peak to 2    Band- 
Peak Watts -width 

1 6.7 460 0.60 3 X Iff"8 

2 S.O 58 0 0.55 4 
Z 6.5 820 0.62 3 

The dimensions of the above bolometers were 2.7 Jim 

in length by 1 nun. in width: 

The operating temperature was 30° C* above room 

temperature.    Any temperature rise made by inorc asing the cur- 

rent increased the noise without an accompanying increase in 

response. 

The minimum detectable signal (signal to noise) was 

about 10"8 watts. 
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V. CONCLUSION 

We can conclude from the results of our work that bolo- 

meters can be mads possessing the 139 ohm per square characteris- 

tic and having sensitivities within a factor of ten of the very 

best detectors used for short nave radiation* These bolometers 

of intermediate impedance can be uwde in a variety of shapes and 

sizes by the evaporation process and possess merit on this account* 

we believe that with effort means could be found whereby the coef- 

ficient of thermal resistance could lie improved by improving the 

technique used in depositing the sensitive element* Also, the 

^J nitrocellulose backing film eight he eliminated and an improved 

backing made of quarts or aluminum oxide substituted in its place* 

Haes*s method of making aluminum oxide films and Strong* s nickel 

carbonyl process lend themselves readily to this thin pelHole 

development* 

I 
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APPENDIX I 

Let us consider a plane metal sltsst of thickness d and 

of infinite extent in the y«'Z plane, as shown in Fig. 1.    Regions 

7. and 3 in the figure are infinite dielectric media characterised 

2TTni 2Ti*n« 
ty the propagation constantc k^a and k~ = * vjhoro s=, snd 

a. are the ordinary indices of refraction..    Region 2 is oharacterized 

by the propagation constant kg a 2TT  (T| + iKJ/A*    TPJhsn the wave- 

length is sufficiently long  TI and k are large in comparison to 

with unity and both approach the Talus /a-/2O£0 - 

O 
Region 1 

x a o x a d 

FIGURE 1 
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This may be sho-sra as follows*    FfOiu electromagnetic theory it is 

known that the general relationship between the constants  \ 

and €, u. and «- is obtained from the propagation constant k* 

1c2 s    co2 S,u   • ifia/x<y (1) 

For this expression  £ is the permittivity,  f£  the permeability, 

and a- tho conductivity of the metal., and C£ is the angular 

frequency « 2TTfs    The propagation constant for free spaoe is 

k * •   co2€ *t o o   © (2) 

The ratio of k to k   is o 

*2   ./«       ,u\2 -    €/*    ,   t      ££ 
V 6*1* ©**-© 

For non-magtietlo materisis /I  * M» and 

r 
V1K   • |^ •*< ? 

Squaring 

(3) 

(4) 

.8.    tf2- K - an* 5 'sr- * * we. 

Equatio.:; real and imaginary parts 

*© pi8- *\2»r: 



•.<***^4xm 1 

^ 

Saird Associates, Inc. 

- 33 - 

The solution of thess simultaneous equations yields 

<r* J 

V5 = 
2-r 

K2* 

2 

CO" G6 

6-2    i 

2 6 >A 

For wavelength of the order of microns and for metallic material • 

co2e2 i 3 much larger than unity and. Eqs. (S) reduce to 

To obtain the reflection and transmission coefficients of the 

metallic layer it is necessary t-c solve Maxwells equations with 

the appropriate boundary conditions*    This is a straightforward, 

although laborious, task and only the results will be given hers. 

Details of the deviations may be found in a paper by 

Eadley and Dennises •    Tha equations assume that the uavslength 

is long and that the layer is very thin*    For the ray polarised 

(5) 

H&dlsy, L. 8«f Dacnison, D. M*. Reflection and 'transmission 
Filtf/i'G, Part I, J* Op* Soe. km<,3  37 (1947)* 
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normal to the plane of incidence we haw 

*X   ' 
k-l+L 

p * ¥ ' PS i 

i,  s 

JL 
jge. 

P     g     PS 

(6) 

A,    = 

4f 

p    e   PS 

For the other polarization 

*,»   S 

nl2 _ gg2 

-    I P   "   e 
- f 

— • -*-«•» 

9 9 

.P 6 J 

(?) 

4&1
2/P 

A1A   
s •    9 

— * — • f! 
p       s      J 
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whore 

f *     ffd    /~s 180TT tfd 

S S (n 2 - .*&)* 

1 - /^_o 
when f * 1- Tf?" I e  " I20TT ohms, the impedance of free 

space. The significance of -~ is easily obtained* The resis- 

tanoe of a slab of material L units long and having a cross 

sectional area A is 

r a i£L ( P « resistivity • sO (8) 

If the simps of the conductor is a square of side L and 

thickness d 

L 
tfLd 

1 
CTd 

(9) 

«~-r is Piau the resistance of a aetallic layer in units of ohras 

per square.    VJheai f si, the resistance of the layer in ohms per 

square matches the impedance of free space and f, in general, is 

a measure of the resistance of the film. 

The maximum value of the abtiorption coefficient for eaoh 

polarisation may be found by differentiating the last of Eqs.  (6) and 
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(7) and setting the derivative equal to zero.    For the perpendicular 

component we have 

f       s P + 6 aax 

For the parallel component 

n,^  n_^ 

sax  P   S 

and the absorption in each lasa is 

maxj. P + S 

A • ~"~"^—T (10) 

1**3, 

At normal incidence and when n- » n- these expressions reduce to 

A       =* max     * 

-SlUVt        W* w» 

R • T s i 

;   1 
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The vslu3 of f «prr«spendipg tc this situation is 2»    This means 

that 

r«4jsi (120TT) s 60 n./0 

• 189 rLJQ 

A 5»tallic film having a resistance of 189 chuts/square imbedded in 

ft dielectric medium and normal to the incident radiation will, 

therefore, reflect 26$ of the energy, transmit Z5% of the energy 

and absorb 50% of the energy in the incident rove. 

© 
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APPENDIX IIJ 

BOLOMETER TBEOKX 

o 

The static conditions of a bolometer are described by 

the equations 

£• - I2F - Y « Q 

fi is called the cooling constant of the bolometer and incorporates 

the heat loss of the bolometer strip by radiation, conduction, and 

convection*    9 is the temperature of the bolometer, 1% is the 

ohnie heating of the bolometer and T is the radiation incident on 

the bolorjetsT from all Gf its surroundings*    Differentiation gives 

®&9 - I2dR - adl - dT • 0 

These differentials are not all independent.    By definition the 

temperature coefficient of resistance  a gives us 

dR = Rot d9 

The electrical terms oan best be ascertained by the con- 

sideration of an equivalent electrical circuit 

Bn 

dY(t)- 

(1) 

(2) 

(3) 

Billings, B* H.,, Hyde, W,-, L.., 3arr„ E., J* 0p> Soo. Anu ,  57 
123 (1947) i: 
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R represents the bolometer, S    the load resistance, and £ is a 

ooDotant battery volta/je.    E is proportional to the voltage aoroes 

the Wheatatone bridge in aotual praotioe. e represents efieotive 

voitage -variations which result from bolometer resistance ohange* 

dR.    dY(f.) ie the radiation input to tlm bolometer - a function of 

time,    e    is the effective noise voltage.    This will primarily be ! 

thermal agitation noise.    It ooneieta of an alternating voltage 

of approximately oonstant amplitude with Fourier components of 

approximately equal onergy per unit frequency interval.    It cannot 

be assigned any speolfio frequency. 

From this oirouit an application of ohas law yields 

c 
dl » - ;   E     - d* (4) 

and 

B£vH (6) 

» 
If the variations are considered with reepeot to time the dif- 

ferential equation (2) must also include a tern for the energy 

which goes into heating the bolometer. 

hd (||}  • 06* - I2dR - ZIRdI - dl « 0 (fl) 

h la now the thermal maaa, or heat capacity, of the bolometer. 

, <  - 

© 
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Containing Eqs*  (3), (4),  (6), and (6) simplifies tMs 

aquation to 

(• \ )and (1 - g-'S ) both have absolute values less than one* 

AlfiG, ai is so small that £1« is about one hundred times less 

than /8  so that the third terra of the differential equation is 

muoh less than the second.    Nagleoting the third term for this 

8 reason and replacing -    p    by the latter C gives RfRm 

&(|f)*;9e - BOofAY* 0 (8) 

If the chopping is to be sinusoidal then    AY -will have 

the value Y oos cot as a function of ti<ne.    Thus, 

R 22.  +/Be - EC«ti oofi Ot " 0 (9) 
ore 

This is the conation of a forced oscillation and has the solution 

e/y - —— ~r (10) 
(h2W2 +#*)* 

The units of this equation, the AC response, would be v>lis par 

xeatt.    fiovsevar, since the voltage can be amplified electronio&lly 

the equation does not express the performance to be exjcctad from 

the bolometer* 

The performance of any measuring apparatus is usually 

best expressed ex a signal to noise ratio*    Dividing the AC response 

by the noise gives the AC sensitivity which is a sere significant values 
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The noise will be primarily from thermal agitation. 

It is possible to reduce the amplifier noise to a sufficiently 

low le-gel so that it cas be neglected in comparison to the 

bolerjeter noise*    The noise from thermal agitation"results from 

ILU =?:itage generated aoross the bolometer by the electrons as 

they pursue their thermal motions*    The value of this is found 

to be 

• •yss^RAf7 (11) 

'where k is Bcitsmans constant and ££ is the bandwidth observed 

around the ohopping frequency*    $A is the absolute temperature 

of the bolometer strip*    This is not the same as ©•    0 expresses 

the temperature of the bolometer sww that of the surroundings 

for the application of Hewton's law of heat flow*    ©A is muoh 

larger than 0 and differs from it by a constant.    For practical 

calculation ©^ can be considered constant and equal to room 

temperature* 

This bandwidth £a£ cannot be made indefinitely email 

and at best it is given by «*>f « felTt, where t is the time 

required for each measurement* 

44-S9*e<   f(h202 *>32)(4KfflaAf)l (12) 1 *a *• J 

r 

; 
i 

It is possible to further approximate the operation of a 

bolometer by relating the heat capacity, cooling constant., and 

i 
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resistance in terms of the physical dimensions of . V V. :.loasgtapt 

Ales*   voio voltage £ will be limited by the upper teii* .'&£<, -u^.. 

perature of the bolometer. 

These relations are expressed in the follow? tg equations* 

,4 S    *lw 

shsre 1 is the length of the strip, w its width, and   y is the 

heat dissipation per unit area.   With such a thin strip the 

conduction through the lead oonneotlons may be neglected. 

hs IT   ao. + bo} s? lw bo j aofc • bo J «? 

Hi 

(H) 

a is the thickness of the metal layer, b is the thickness of the 

membrane support, and o   and o are their respective specific heats. 

Because c is about ten times as great as e    and the thicknesses a . 

a and b are comparable, the metallic contribution is negleot&d. 

If the bolometer ia not operating in vacua, then there will also 

be a email contribution due to the heating of the gas in the 

immediate vicinity of the bolometer.    This small contribution 

would, be a f motion of the chopping rate w and mould also be 

related to  y3, but for simplicity and because it should be 

small it is neglected*    Cxerny** has expressed some doubt as to the 

validity of the approximation. 

R » yol/es (le) 

2 Gasny, Ann. Physik, 8, 65 (i960) 

:-}--1 
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nhs>re  ~» is the resistivity of the sWi?< 

1    R2 . 

where   ^ ie the highest tolerable temperature of the bolometer 

strip* 

Combining Sqs*   (12) through (16) 

AC sensitivity • 4 §-   » s~r- *       . f   ;  (^ b\ ?) 

This is as it might he expected*    The AC sensitivity is 
t» 

ealy ispsndsnt vs. £ insofar as ••"_••   is dependent on it*    Clearly 
H i* u. 

R_ should be made small compared to R and this is somewhat easier 

with large R.    Hovwwjr, not much increase can be expected in this 

term*    It is desirable to have a high operating temperature 0, but 

this also has a point of diminishing returns when it starts to 

af feet ©A* 

Fbr high sensitivity a small area is also in order* On 

the other hand* the incident radiation is proportional to the area 

in a region of constant flux making the square root of area dependence 

then coma in the nuaerater, 1'his means that it is best to have a 

bolometer whioh is as large but no larger than the image which is 

to be measured. Even this might not hold precisely under certain 

oircunet&ness because microphonio noise much is apt to depend on 

this area might beease significant. 
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The other available 'variables can be considered as a 

group.    For maximum results CJ, b, and o should be snail and « 

should equal  fcl&ir product..    It is not helpful to make CJ small 

since then y!» rate of g£%.srf.ng information will suffer*    b is 

oontroll&a by the thinnest nitrocellulose membivne tolerable and 

there is not much that can be dons with the specific heat c.    '4 

can be controlled by the gas pressure and the closeness, of the 

•trip to the housing* 
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